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Introduction 

The concept that cAMP has restricted access to differ- 
ent pools of intracellular effectors was articulated more 
than 30 years ago. Observations made by Corbin et al. 
(1977) demonstrated that the two isoenzymes of the 
major intracellular cAMP target, PKA I and II, are lo- 
cated in different cell compartments. PKA II was recov- 
ered predominantly in the particulate fraction of heart 
extracts, whereas PKA I was mostiy soluble. Epineph- 
rine activates the holoenzyme present in the particulate 
fraction and causes its translocation to the cytosol. In 
the same vein, Hayes et al. (1979) and Buxton and 
Brunton (1983) demonstrated that different hormones 
increase cAMP in cardiac myocytes, but only the (3-adren- 
ergic agonists affect heart contractility, providing func- 
tional evidence for the selectivity of cAMP action. These 
findings led to the enunciation of a set of rules describing 
this unexpected property of cAMP signaling (Steinberg 
and Brunton, 2001). Although a small diffusible mole- 
cule, Steinberg and Brunton (2001) predicted that 
cAMP does not have equal access to all PKAs present in a 
cell, implying an uneven cAMP concentration or the 
presence of compartments of signaling. The demon- 
stration that local (3-adrenergic activation does not elicit 
Ca 2+ currents measured at opposite ends of a frog car- 
diac myocyte provided experimental confirmation of 
constraints on the spread of the cAMP signal (Jurevicius 
and Fischmeister, 1996). At about the same time and 
using unrelated approaches, a field of cell biology was 
developed that supports the critical role of PKA target- 
ing to different subcellular structures through A kinase 
anchoring protein (AKAP) scaffolds (Wong and Scott, 
2004; Dodge-Kafka et al., 2006). Disruption of these 
complexes by several means provided additional com- 
pelling evidence that physiological cAMP signaling re- 
quires PKA anchoring. All of these findings support the 
conclusion that, functionally, cAMP does not behave as 
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a freely diffusing molecule and that different cAMP 
concentrations must be present in certain subdomains 
of a cell. Whereas localized cAMP function is widely ac- 
cepted and undisputed, the mechanisms causing these 
localized effects are still a matter of debate. The most ob- 
vious obstacle to cAMP diffusion would be the physical 
barriers generated by membranes or organelles or the 
presence of buffering systems. An additional hypothesis 
that has gained credence is that cyclic nucleotide phos- 
phodiesterases (PDEs) provide a functional barrier to 
cAMP diffusion (Fig. 1 A) . According to this view, cAMP 
diffusion is hindered because of rapid degradation by 
myriad PDE isoenzymes expressed in a cell. It is undis- 
puted that PDEs have a critical role in the spatiotempo- 
ral dynamics of the cyclic nucleotide signal (Conti and 
Beavo, 2007; Houslay, 2010); however, their contribution 
to diffusion and generation of cyclic nucleotide gradients 
or compartments is less clear. Here, we will review the 
available data in support of, or inconsistent with, this con- 
cept (see Table 1 for a summary) . 

Are the structural and kinetic properties of PDEs 
compatible with a function as a barrier to cAMP diffusion? 

The superfamily of PDEs includes 21 genes coding 
for proteins with distinct properties (Conti and Beavo, 
2007). To add to the complexity, multiple splicing vari- 
ants increase the number of PDE proteins expressed in 
mammalian cells and tissues to >50. PDE4, PDE7, and 
PDE8 families hydrolyze cAMP; PDE1, PDE2, PDE3, 
PDE10, and PDE11 hydrolyze both cAMP and cGMP 
(Bender and Beavo, 2006) ; and PDE5, PDE6, and PDE9 
are cGMP specific. The affinity of different isoenzymes 
for cAMP varies widely. PDE3 and PDE8 have affinities 
for cAMP in the range of 10-100 nM (Manganiello 
et al., 1995). PDE4s are abundant in most cells and have 
an affinity in the range of 2-8 uM (Salanova et al., 
1998). PDE1C has similar affinity for cAMP and cGMP 
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Figure 1 . Scheme illustrating the different hypothetical roles of PDEs in the generation of cyclic nucleotide compartments. Three models 
are presented. (A) A PDE functions as a barrier to diffusion. (B) A PDE functions as a sink generating a domain of low cAMP. (C) Differ- 
ent, slowly equilibrating compartments are present in a cell with PDE concentration varying among compartments. In this latter model, 
a PDE contributes to generation of compartments by regulating cAMP concentration and cAMP fluxes between compartments. 



in the low micromolar range (Yan et al., 1995). Other 
dual-substrate PDEs have low affinity for cAMP that 
often exceeds 10 uM, such as PDE1A or PDE2 (Bender 
and Beavo, 2006) . Estimates of cAMP concentrations in 
different models vary according to the cell, ranging from 
10 nM to 10-50 uM (Rich et al., 2001; Iancu et al., 2007; 
Neves et al., 2008; Blackman et al., 2011; Borner et al., 
2011; Feinstein et al., 2012). Given that multiple PDE 
isoenzymes are expressed, the cell is endowed with en- 
zymes that degrade cAMP over a wide range of concen- 
trations. As a consequence, cAMP degradation is rarely 
saturated certainly under basal, unstimulated conditions 
or during hormone and neurotransmitter activation. 
Mathematical models have demonstrated that the Km 
of a PDE affects the steepness of the cAMP gradients 
(Feinstein et al., 2012). 

Adenylyl cyclases are characterized by a relatively slow 
turnover number (20/s) compared with cAMP diffu- 
sion (Sunahara et al., 1996). This kinetic property pre- 
vents accumulation of the cAMP product in the vicinity 
of the enzyme unlike that described, for instance, for 
the Ca 2+ channels (Rich et al., 2000). Yet, sequestration 
of these enzymes in different membrane subdomains 
may contribute to compartmentalized signaling (Cooper 
and Crossthwaite, 2006). If one considers the k cat of the 
different PDE enzymes, these are in the order of 5-100/s 
(Rocque et al., 1997; Salanova et al., 1998). Only the 
retina-specific PDE6 has a k cat of approximately 1,000/s, 
a property compatible with a role in limiting cGMP dif- 
fusion in the rod outer segment. Given this high turn- 
over number and local concentration, PDE6 and guanylyl 
cyclases play an important role in generating cGMP 
gradients in this specialized structure (Olson and Pugh, 
1993). The 100-fold lower k cat of other PDEs renders it 
unlikely that the cyclic nucleotide kinetics measured 
in the retina are possible in other cells. 

It should be noted that PDE activity is dynamic and 
changes during the time course of hormone/neurotrans- 



mitter stimulation (Conti and Jin, 1999). For instance, 
PDE4s are phosphorylated and activated by PKA (Sette 
and Conti, 1996) ; thus, as cAMP and PKA activity increase 
in response to hormone stimulation, PKA serves to termi- 
nate the cAMP signal by activating PDE4. In some cases, 
this feedback occurs in a macromolecular complex, in 
which both PKA and PDE4 bind to the same scaffold 
AKAP (Dodge-Kafka et al., 2006). Similar feedback reg- 
ulation of cGMP signaling via PKG has been described 
for PDE5 (Francis et al., 2011). Other PDEs are regu- 
lated by numerous intracellular signals (Bender and 
Beavo, 2006) . Thus, it is possible that during cell stim- 
ulation, cAMP hydrolysis may reach sufficient velocity 
to impact local cyclic nucleotide concentration and 
equilibration between compartments. It has been dif- 
ficult to evaluate this possibility, however, because of 
the limitations of cell-free measurements of PDE acti- 
vity (see below). 

An additional property of the PDE system potentially 
important in the genesis of cAMP compartments is that 
activation of different G s protein-coupled receptors 
leads to activation of different PDE isoenzymes. For in- 
stance, activation of PiARs in cardiac myocytes causes 
preferential activation of the PDE4D variant PDE4D8, 
whereas stimulation of the related P2AR causes activa- 
tion of a different variant, PDE4D5 (Richter et al., 
2008). More recent data show that PiARs but not (3 2 ARs 
activate a splicing variant of PDE4B, confirming that 
different receptors cause activation of distinct PDEs 
(Mika et al., 2014). Similarly, differential sensitivity of 
PKA type I and II to inhibition by different PDEs is 
consistent with the idea that PKA and PDEs function 
together in discrete subcellular compartments, likely in 
macromolecular complexes organized by scaffold pro- 
teins (Di Benedetto et al., 2008). Thus, one can envi- 
sion that selective activation of PKA and PDEs by a given 
receptor can lead to changes in cAMP in a subcompart- 
ment without affecting other regions of a cell. 
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TABLE 1 

Summary of the data on the contribution of different mechanisms to cAMP compartmentalization 



Cell type 


AC (cAMP 
synthesis) 


PDE (cAMP degradation) 


Hindered 
diffusion 


Cell shape 


cAMP 
buffers 


Notes 


References 


HEK293 cells 


ND 


Yes: PDE inhibition abolishes 
differences cytosol/membrane 


Yes 


ND 


Yes 


Modified CNG 
channel 


Richetal. (2000,2001, 
2007) 


HEK293 cells 


ND 


Yes: Loss of gradient with PDE4 


No: 


ND 


ND 


PKA/EPAC 


Terrin et al. (2006); 






RNAi; no effect of PDE4 inhibitors Computational 






reporters 


Oliveira et al. (2010) 








analysis 










HEK293 cells 


Yes (targeted AC8) 


Yes: Loss of membrane 
compartment after PDE4 inhibition 


ND 


ND 


ND 


Gravin-mediated 
complex 


Willoughby et al. 
(2006) 


MEFs 


ND 


No: PDE4B ablation increases 
cytosol/membrane gradient 


ND 


ND 


ND 


CNGC/EPAC 
reporters 


Blackman et al. (2011) 


Neonatal 


ND 


Yes: IBMX abolishes local cAMP 


ND 


ND 


ND 


PKA reporter 


Zaccolo and Pozzan 


cardiac 




accumulation 










(2002); Mongillo et al. 


myocytes 














(2004) 


Neonatal 


Yes (receptor- 


Yes: PDE inhibition decreases the 


Yes 


ND 


Yes 


Membrane/ 


Saucerman et al. 


cardiac 


dependent BAR vs. 


PKA-phosphorylation gradients 








cytosol restricted 


(2006) 


myocytes 


PGE2) 










diff. local cAMP 
uncaging 




Neurons 




Yes: Role of negative regulatory 


No 


Yes: 






Bacskaietal. (1993); 


(dendrites) 




loop 




Dendrite 
diameter 






Neves et al. (2008) 


Adult cardiac 


Differences B1/B2 


No: No PDE effect on diffusion of 


Yes 


ND 


ND 


HCN2-cAMP 


Nikolaev et al. (2006) 


myocytes 


responses 


the B 2 AR restricted signal 








probe in 
transgenic mice 




Vascular 


Yes: Membrane vs. 


Yes: PDE4D4 displacement affects 


Yes 


Yes 


Yes 


Manipulation 


Sayneretal. (2006); 


endothelium 


cytosol AC 


membrane cAMP; Rolipram 
disrupts the gradient 








of site of cAMP 
synthesis 


Feinstein et al. (2012) 



PDE subcellular localization/anchoring/interaction 
with scaffold proteins 

Nonuniform concentration of PDEs in the cell is consis- 
tent with the large body of work published over the last 
two decades, opening the possibility that high concen- 
trations of PDEs can be achieved in distinct subcellular 
compartments (Houslay, 2010; Francis etal., 2011). Iso- 
forms of PDE2, PDE3, PDE4, PDE5, PDE6, PDE 7, and 
PDE10 are recovered in the particulate fraction of ho- 
mogenates from different tissues, indicating direct in- 
teraction of the isoenzymes with different organelles or 
indirect anchoring through other mechanisms (McCahill 
et al., 2008; Francis et al., 2011). PDE6 isoenzymes are 
inserted into the membrane through posttranslational 
prenylation and carboxymethylation (Anantetal., 1992). 
A splicing variant of PDE2 with a unique N terminus is 
recovered in the particulate fraction of brain homoge- 
nates (Yang et al., 1994) , whereas other variants are not. 
Similarly, different PDE3A forms are detected in heart 
homogenate (Shakur et al., 2000), with those possess- 
ing domains of hydrophobic helices being particulate, 
whereas shorter forms are recovered in the soluble frac- 
tion. A splicing variant of PDE4A, PDE4A1 , which shares 
most of its sequence with all other PDE4A isoforms ex- 
cept for its variant-specific N terminus, is recovered 
mostly in the particulate fraction, providing a strong in- 
dication that the N terminus of different splicing variants 
may be an important determinant of PDE4 localization 



(Houslay, 2010) . Subcellular enrichment of PDEs in dis- 
crete compartments using immunofluorescence has also 
been widely reported (Juilfs et al., 1997; Jin et al., 1998; 
Verde et al., 2001; Mongillo et al., 2004; Stefan et al., 
2007). Using expression of recombinant proteins and, 
in many cases, coimmunoprecipitation with endogenous 
proteins, it has been shown that PDE 4s interact with sev- 
eral classes of scaffold proteins. The most notable ex- 
ample is the interaction of PDE4D isoforms with various 
AKAPs, including AKAP18 (McSorley et al., 2006), 
mAKAP (Dodge et al., 2001), and AKAP450/Yotiao 
(Tasken et al., 2001; Terrenoire et al., 2009). Of note, 
these scaffold proteins also interact with PKA, indicat- 
ing that the PKA-PDE4 feedback may function within a 
macromolecular complex. A complete survey of all the 
PDE interactions with scaffolds can be found in recent 
reviews (McCahill et al., 2008; Houslay, 2010). 

It also should be mentioned that PDE targeting is 
often dynamic and may be regulated, for instance, by 
phosphorylation. The phosphorylation of a splicing 
variant of PDE10, PDE10A2, coincides with transloca- 
tion of the protein to the cytosolic compartment, again 
suggesting that this posttranslational modification con- 
trols the interaction with the membrane or with anchor- 
ing proteins (Charych et al., 2010). Dissociation of 
PDE4D from an AKAP (Carlisle Michel et al., 2004) or 
from complexes with the (3-adrenergic receptors upon 
receptor ligation has been reported (Richter et al., 2008, 
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cAMP hydrolysis (initial rates) 
Wild Type = 6.2 uM/min 
PDE4BKO = 2.4 uM/min 
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0 100 200 300 

Time after Propranolol (s) 

Figure 2. Rate of cAMP decay at the membrane in wild-type 
and PDE4BKO neonatal cardiac myocytes. Myocytes expressing 
EPAC2-PM were stimulated with 10 nM isoproterenol, followed 
by treatment with 1 pM propranolol 80 s later. R/Rj recordings 
for each cell were transformed into concentrations of cAMP using 
the equation of Borner et al. (2011). Data were averaged and fit- 
ted with an exponential decay equation, and the initial rate of 
cAMP hydrolysis was calculated from the K constant and initial 
[cAMP] . Data represent the mean ± SEM of n > 25 cells analyzed. 



2013; De Arcangelis et al., 2009). Binding of PDE in- 
hibitors to the catalytic site may also affect localization, 
as shown for the PDE4 variant PDE4A4 (Day et al. , 20 1 1 ) . 
Thus, PDE subcellular localization is often dynamic, 
a property which should be taken into consideration 
when investigating cyclic nucleotide compartments. 
From the above examples, there is ample evidence that 
cAMP hydrolysis can be focal and localized in subcellu- 
lar compartments or microdomains. 

PDE concentration in subcellular compartments 

Do their properties allow PDEs to reach concentrations 
sufficient to prevent cAMP diffusion? To answer this 
question, accurate methods to assess local PDE concen- 
trations in a cell are needed. Measuring PDE activity 
and calculating its molar concentration would appear 
to be a simple task, but reliable measurements of the 
actual concentration of a PDE in a given compartment 
are still lacking. PDE activity can be measured in a cell 
extract and the actual concentration in a cell then cal- 
culated after correction for cell volume. However, it is 
not clear whether activities measured in cell-free prepa- 
rations reflect activities in an intact cell; indeed, data 
are available showing that this assumption may be incor- 
rect. We have revisited this issue by calculating the rate 
of decay of cAMP with live cell cAMP sensors under con- 
ditions where synthesis should be negligible (Fig. 2). In 
this experimental paradigm, cells expressing (3-adrenergic 
receptors are stimulated with an agonist such as isopro- 
terenol. When the cAMP concentration has reached a 
maximum, excess antagonist is added and the rate of 



decay is followed. This rate of decay should be propor- 
tional to the rate of degradation in a compartment and/ 
or the rate of diffusion from the compartment. With 
these measurements, we estimate PDE activity in situ at 
the plasma membrane of 2-6 uM/min, which corre- 
sponds to a concentration of PDE protein in the low 
nanomolar range. By repeating measurements in cells 
derived from PDE4 knockout mice, one can extrapolate 
the contribution of different PDE4 isoforms in a local 
environment. Using this strategy, we calculated a con- 
centration of PDE4B in the membrane compartment of 
cardiac myocytes in the order of 3-4 nM. These mea- 
surements suggest PDE4 concentrations 100-fold lower 
than those used for mathematical simulations of cAMP 
signaling in the cell (Neves et al., 2008; Oliveira et al., 
2010) , requiring a reassessment of the contribution of a 
PDE4 to signal compartments. It should also be men- 
tioned that this method assesses PDE activity after cAMP 
stimulation and, thus, under conditions in which the 
PKA-PDE feedback is activated. Therefore, one should 
expect even lower PDE activity under basal conditions. 

Pharmacological inhibition of PDEs allows spreading 
of the cAMP signal 

One of the pillars of evidence supporting the theory 
that PDEs constitute a barrier to cyclic nucleotide diffu- 
sion is the ubiquitous finding that PDE inhibition 
increases the spreading of the cAMP signal. Classical 
experiments performed in frog ventricular myocytes by 
Jurevicius and Fischmeister (1996) and Fischmeister et al. 
(2006) demonstrated that a local (3-adrenergic stimula- 
tion could be detected at distal L-type Ca 2+ channels 
only after PDE inhibition with IBMX. Similar observa- 
tions have been reported for activation of the CFTR 
channel, where stimulation of adenosine receptors could 
activate the channel at a distance only in the presence 
of PDE 4 inhibitors (Barnes et al., 2005). Together, all 
these data strongly imply that when PDEs are inhibited, 
cAMP induces a broader set of actions, implying wide- 
ranging diffusion. 

Direct evidence for extended diffusion of cAMP sig- 
nals when PDEs are inhibited has been obtained with 
the development of live cell cAMP/PKA sensors (Zaccolo 
et al., 2000; Nikolaev et al., 2004) . The highly structured 
and compartmentalized cardiac myocytes have been used 
to show that PDE inhibition causes broad spreading of 
an otherwise localized signal. In neonatal cardiomyo- 
cytes, (3-adrenergic stimulation causes activation of a 
PKA sensor localized in proximity to the Z bands. When 
PDEs are inhibited with IBMX or PDE4 inhibitors, sen- 
sor activation is no longer localized to the Z bands but 
occurs diffusely throughout the cell (Zaccolo and Pozzan, 
2002; Mongillo et al., 2004). On the basis of this find- 
ing, it has been proposed that PDE4s limit the diffusion 
of the cAMP signal away from these regions, therefore 
acting as a barrier (Fig. 1 A) . Immunolocalization data 
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indicate PDE4 enrichment in these areas (Mongillo et al., 
2004; Leroy et al., 2011). When a nonanchored uni- 
molecular HCN2-cAMP sensor was used in adult car- 
diac myocytes, no striated pattern of cAMP accumulation 
could be detected (Nikolaev et al., 2006). It has been 
reasoned that nonanchored sensors diffuse during the 
measurements, thus preventing detection of local cAMP 
accumulation in the Z bands. (3 r and ^-adrenergic re- 
sponses were shown to be spatially different, with the (3i 
signal being far reaching, whereas the p>2 signal is re- 
stricted to small subcellular compartments. PDE inhibi- 
tion did not induce spreading of this spatially restricted 
P2AR response, a finding inconsistent with a PDE role 
as a diffusional barrier. Spatial restriction of the (SgAR 
signal is lost in rat failing heart (Nikolaev et al., 2010), 
underscoring the physiological relevance of compart- 
ments. In this rat model, the (3 2 AR-restricted response was 
sensitive to rolipram. 

In a slightly different enunciation of the barrier func- 
tion caused by cAMP hydrolysis, it has been proposed 
that PDEs, and PDE4 in particular, protect a compart- 
ment or a macromolecular complex from cAMP influx. 
In other words, PDEs function as a sink, generating sub- 
cellular domains where cAMP concentration is main- 
tained sufficiently low to prevent PKA activation (see 
below and Fig. 1 B; Terrin et al., 2006) . 

Although the above findings are consistent with in- 
creased cAMP diffusion when PDEs are inhibited, there 
are additional effects of PDE inhibition that need to be 
considered in interpreting the data. By altering cAMP 
degradation and increasing cAMP concentration, it is 
possible that important mechanisms of cAMP buffering 
become saturated (e.g., cAMP binding to the PKA regu- 
latory subunit) . Computational models have addressed 
some of these issues; however, these additional effects 
need to be more thoroughly assessed. 

In cardiac myocytes, phosphorylation of PKA sub- 
strates has been used to map different subcellular com- 
partments. Phospholamban (PLB) is a critical modulator 
of Ca 2+ reuptake in the sarcoplasmic reticulum, as it in- 
hibits the activity of the sarcoplasmic reticulum Ca 2+ 
transport ATPase (SERCA). PKA phosphorylation of 
PLB relieves its negative constraint on SERCA and Ca 2+ 
reuptake, a regulation critical for the relaxation of the 
cardiac muscle (lusitropic effects). Whereas activation 
of (^-adrenergic receptors causes an increase in phos- 
phorylation of PLB by PKA, other ligands such as pros- 
taglandin El or E2 (PGE1/2) do not affect the PLB 
phosphorylation state (Di Benedetto et al., 2008; Liu 
et al., 2012). A compartmentalized PGE2-dependent 
cAMP response was further documented using different 
fluorescence resonance energy transfer (FRET) probes 
that monitor PKA-mediated phosphorylations (Liu et al., 
2012). Whereas isoproterenol causes a major increase 
in FRET signal from a sarcoplasmic reticulum-anchored 
AKAR3 probe, PGE2 has no effect. Some PGE2 



responses in this compartment can be restored by treat- 
ing the cells with the PDE4 inhibitor rolipram. On the 
basis of these findings, the authors propose that PGE2 
responses in cardiomyocytes are limited to the plasma 
membrane because PDE4D is readily phosphorylated 
by activation of these receptors. This activation prevents 
the diffusion of cAMP generated from the membrane 
to the SR compartment. Of note, Saucerman etal. (2006) 
reported that PGE2 response in the cytosol of cardiac 
myocytes is higher than that in the membrane (see 
below) . Nevertheless, PDE4D regulation of the PKA 
pool that controls PLB phosphorylation is consistent 
with numerous other observations. For instance, it has 
been reported that PDE4D, but not PDE4B, affects 
PLB phosphorylation by PKA (Beca et al., 2011; Leroy 
et al., 2011). This finding would indicate that PDE4D, 
but not PDE4B, protects the PKA-PLB complex from 
cAMP access. This kind of experiment strongly suggests 
that PDE4D activation may be a mechanism that limits 
cAMP diffusion. 

There is additional experimental evidence indicating 
that PDEs, and in particular PDE4s, act as a barrier, pro- 
tecting a macromolecular complex or a subdomain from 
cAMP intrusion. Using anchored PKA I and PKA II 
sensors, it has been shown that their activation is depen- 
dent on the ligand used and is sensitive to different 
PDE inhibitors (Di Benedetto et al., 2008). A microdo- 
main where cAMP is lower than the bulk cytosol is also 
present in the caveolae (Iancu et al., 2007). 

A complex formed by the relaxin family peptide re- 
ceptor 1 (RXFP1) , the scaffold protein AKAP79, the ad- 
enylyl cyclase AC2, P-arrestin 2, and PDE4D3 has been 
described in HEK293 cells overexpressing the receptor 
(Halls and Cooper, 2010) . In this model, relaxin causes 
an increase in cAMP in a biphasic manner, with the 
most sensitive response observed in the femtomolar 
range. This response is obliterated in the presence of 
a PDE4 inhibitor. On the basis of these data and im- 
munoprecipitation experiments, the authors conclude 
that the PDE4D3-PKA-(3-arrestin complex generates a 
subdomain where cAMP is maintained at low level, 
necessary for a highly sensitive relaxin signal. These 
findings support a role for a PDE to act as a sink to cre- 
ate a microdomain of low cAMP (Fig. 1 B) . A similar con- 
clusion is indicated by recent data in which the effect 
of antagonists of (3iAR signaling was investigated (Richter 
et al., 2013). The receptor is in complex with PDE4, 
and ligation of the receptor with antagonists causes 
dissociation of the complex. Using different experi- 
mental approaches, it was shown that although antago- 
nists decrease bulk cAMP in a cell, they produce a local 
increase in cAMP in the vicinity of the receptor because 
of PDE4 displacement (Richter et al., 2013). These 
findings again support the possibility that PDEs may be 
able to maintain a subdomain of low cAMP by acting as 
a sink (Fig. 1 B). 
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PDEs and equilibration of membrane/cytosol compartments 

A complementary experimental paradigm used to ex- 
plore nonuniform cAMP concentration in a cell and the 
role of PDEs was developed by comparing cytosolic and 
membrane cAMP with different sensors. By expressing 
a modified olfactory CNG channel to monitor cAMP 
levels near the plasma membrane in cell populations 
and single cells, Rich et al. (2000, 2001) demonstrated 
that although cAMP signals after PGE stimulation are 
transient, measurements of global cAMP in the bulk cy- 
tosol showed a sustained response. Further experiments 
manipulating PKA activity documented that the tran- 
sient increase in cAMP at the membrane is caused by 
activation of PDE4s (Rich etal., 2007). Importantly, ac- 
tivation of the channel at the membrane was insensitive 
to washout of cAMP in the cytosol (Rich et al, 2000). 
These findings provided a first indication that cAMP 
concentrations at the membrane and in the bulk cyto- 
sol of a cell may be different and the two compartments 
do not equilibrate in the timeframe of the experiment. 
Computational modeling of the two compartments sug- 
gests that PDE activity by itself would not be sufficient to 
stabilize the compartmentalization of the cyclic nucleo- 
tide (Rich et al., 2001 ) , although it did affect the rate of 
equilibration between the two compartments modeled. 
Thus, diffusional restrictions between the membrane 
and the cytosol, as well as differential regulation of 
PDE activity, are required to generate temporally dis- 
tinct patterns of cAMP accumulation (Fig. 1 C) . 

In HEK293 cells probed with either PKA-FRET re- 
porters or unimolecular exchange protein directly acti- 
vated by cAMP (EPAC) probes, Terrin et al. (2006) 
measured the cAMP dynamics after PGE2 stimulation 
in the bulk cytosol or at the membrane. Differences 
in FRET emission were consistently found, with the 
reporter targeted to the membrane giving higher re- 
sponses than the probe confined to the cytosol. The 
PKA holoenzyme sensor gave larger differences, a find- 
ing interpreted by the authors as an indication that PKA 
plays a role in generation of these gradients by activat- 
ing PDE4. These measurements imply that differences 
in cAMP concentration at the membrane and in the cy- 
tosol are present, a conclusion similar to that reached 
by Rich et al. (2001). The kinetics of activation of the 
reporters were also different, with the membrane probe 
being activated faster than the cytosol probe, which is a 
strong argument in favor of compartmentalization of 
cAMP. The authors propose that PDE-mediated hydro- 
lysis is the major determinant of these differences. In 
support of this conclusion, they showed that when 
PDE4D is ablated with siRNAs, the gradient is no longer 
detected and cAMP reaches higher concentrations in the 
cytosol than at the membrane. Knockdown of a differ- 
ent PDE, PDE4B, has no effect on the cytosol/ membrane 
gradient. In contrast to the knockdown experiments, the 
difference in response between membrane and cytosol 



was maintained in the presence of rolipram and IBMX. 
The authors argue that the PDE inhibitors are ineffec- 
tive in dissipating the gradient because they are com- 
petitive and would not be effective at the membrane 
when cAMP is high. This reasoning is difficult to recon- 
cile with the fact that the concentrations of inhibitor 
used are > 10-fold higher than the cAMP concentration 
expected at the membrane and that, even if PDEs were 
not completely inhibited, changes in cytosol/ membrane 
ratios should have been detected. Differences between 
cytosol and membrane FRET responses were repro- 
duced in a subsequent paper where modeling was used 
to verify the concept of PDE-dependent limited cAMP 
diffusion (Oliveira et al., 2010). In this study, changing 
the rate of diffusion of cAMP modified but did not elim- 
inate the gradient, leading to the conclusion that diffu- 
sion plays a limited role in the generation of the cytosol/ 
membrane compartment. 

Using a PKA phosphorylation-sensitive probe (AKAR2) 
in neonatal cardiac myocytes, Saucerman et al. (2006) 
again found that (3-adrenergic agonists stimulate a mem- 
brane probe faster than a cytosolic probe, whereas the 
response to PGE1 is the opposite. They hypothesized 
that a restricted diffusion was the cause of these diver- 
gent time courses with a diffusional constant between 
the membrane and cytosol of 2 pm 2 /s. Gradients of 
phosphorylation were also observed by uncaging a 
cAMP analogue in the cytosol. Mathematical modeling 
allowed them to investigate the contribution of different 
components including cAMP buffering or PDEs. Inhibi- 
tion of the PDE activity substantially decreased the PKA 
phosphorylation gradients. 

Using mouse embryonic fibroblasts (MEFs) deficient 
in different PDE4s derived from the respective PDE4KO 
mice, a somewhat different conclusion was reached 
regarding the function of a specific PDE4 in a compart- 
ment (Blackman et al., 2011). The EPAC-cAMP probes 
targeted to the cytosol (EPAGcyto) and to the plasma 
membrane (EPAGPM) detected changes in cAMP in- 
duced by both (3-adrenergic agonists and PGE2. More- 
over, PDE4D ablation caused a marked increase in 
cAMP both in the bulk cytosol as well as in a putative 
membrane compartment, a finding different from that 
reported for HEK293 cells (Terrin et al., 2006). When 
PDE4B was ablated, an effect on cAMP decay was ob- 
served at the membrane but not the cytosol, consistent 
with the concept of a sequestered cAMP membrane com- 
partment. However, PDE4B ablation accentuates rather 
than dissipates differences between cytosol and mem- 
brane compartments. This latter finding indicates 
that PDE4B does not function as a barrier to cAMP dif- 
fusion and is not necessary to stabilize this compart- 
ment. Phosphorylation of membrane and cytoplasmic 
substrates independently confirmed the divergent ef- 
fects of PDE4B ablation in the two compartments. Of 
note, Terrin et al. (2006) did not detect any effect of 
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PDE4B down-regulation on membrane cAMP. These 
differences may be caused by the cells used (MEFs vs. 
HEK293 cells) or by quantitative differences in PDE 
down-regulation in knockdown versus knockout. A 
possibility yet to be explored is that PDEs other than 
PDE4B control cAMP diffusion out of this particular 
membrane compartment. 

Endothelial cells play a critical function in control- 
ling vascular permeability, and development of lung 
edema associated with vascular leakage indicates how 
critical this regulation may be (Sayner, 2011). Cyclic 
nucleotide signaling through PKA and EPAC plays a 
critical role in the control of endothelial cell permeabil- 
ity via regulation of the cytoskeleton (Sayner, 2011). 
Differences in biological effects of membrane and cyto- 
solic cAMP on endothelial cell function are an addi- 
tional example of two cAMP compartments with distinct 
functions that do not appear to equilibrate readily. Cy- 
clic AMP production at the plasma membrane rein- 
forces pulmonary microvascular endothelial barrier 
integrity, whereas cAMP production in the cytosol dis- 
rupts this barrier (Sayner et al., 2006). This conclusion 
is supported by experiments manipulating cAMP at the 
membrane via the adenylyl cyclase activator forskolin, 
or in the cytosol either by expression of an engineered 
soluble cyclase (sACI/II), by using the exotoxin cyclase 
produced by Pseudomonas aeruginosa (exoY gene prod- 
uct) , or by manipulation of the endogenous soluble 
adenylyl cyclase apparently expressed in these cells 
(Sayner et al., 2006). The Tau protein phosphorylation 
by PKA in the cytosol alters endothelial barrier integrity, 
whereas PKA phosphorylation of filamin at the mem- 
brane reinforces the barrier (Zhu et al., 2010). PDE4D 
has been implicated in vascular permeability and in the 
control of cAMP equilibration between these two com- 
partments (Table 1). 

Conclusions 

A large body of biochemical and functional data has es- 
tablished that the cAMP concentration in a cell is not 
uniform. A localized membrane signal activates a re- 
stricted pool of effector molecules such as PKA, EPAC, 
or CNGs, often without perturbing other compart- 
ments. This restricted activation of a subpopulation of 
effectors is associated with distinct biological responses, 
thus enforcing signaling specificity. This property of 
cAMP signaling is clearly dependent on the many PDE 
isoenzymes expressed in a cell. However, the contribu- 
tion of different PDEs to signaling is complex (Table 1) . 
We favor a scenario in which PDEs are located in dis- 
tinct, slowly equilibrating compartments (Fig. 1 C) . Any 
given PDE plays a critical role in controlling cAMP con- 
centration in each of these compartments because of its 
enzymatic properties, regulation, and participation in 
macromolecular complexes. Indirectly, and by control- 
ling cAMP concentration, PDEs regulate cAMP fluxes 



and the equilibration time between different compart- 
ments. Aside from the extreme case of the retina outer 
segment where PDE concentration and kinetic prop- 
erties generate compartmentalization, the activity of 
PDEs in other cells alone is not sufficient to generate 
stable pools of cAMP. PDEs cooperate with other mech- 
anisms that limit diffusion to stabilize and isolate a com- 
partment from the surrounding cellular environment 
(Fig. 1 C). These additional components likely include 
buffering systems, physicochemical properties of the 
intracellular environment, cell shape, and ratio surface/ 
volume, as well other physical barriers (Fig. 1, A and B) . 

Future studies should be devoted to dissecting the 
contribution of each of these mechanisms to cyclic nu- 
cleotide compartmentalization. Computational models 
will certainly aid in understanding how the diffusion of 
the cAMP signal is controlled. For realistic modeling, 
more accurate parameters for the concentration of PDEs 
in each compartment should be generated. We have 
proposed a strategy based on in situ measurements of 
the rate of decay that should aid in this task. Using 
cAMP sensors tethered to different macromolecular 
complexes, one should be able to obtain more accurate 
information on PDE concentration within restricted 
compartments and, possibly, macromolecular complexes. 
Understanding the boundaries, size, and location of a 
compartment in which a PDE functions should also 
help in refining the different models. The kinetic prop- 
erties of signaling components in isolation or when as- 
sembled in macromolecular complexes have not been 
systematically investigated, but they should provide 
additional important information on how local cAMP 
signaling develops. Novel strategies to probe the phys- 
icochemical properties of the different subcellular com- 
partments and their contributions to diffusion should 
also be developed. All these strategies will provide a better 
understanding of local signaling, its role during disease 
development and, ultimately, more accurate predictions 
of the consequences of a pharmacological intervention 
affecting cAMP signaling. 
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